We have found that the expression of some genes in Drosophikz mehnogaster changes during the life of the adult fly. These changes can be illustrated by the use of enhancer trap lines which mark the expression of particular genes in the adult fly. Although the fly is considered able to perform most necessary adult functions within the first 72 h after eclosion from the pupal case, we find changes in expression over the first 10 days of life in the antennae of several of the genes we have examined. Some genes change by increasing from an initially low level of expression of the marked gene, while other lines, which we have termed 'late-onset' genes, show no expression of the marked gene until 4-5 days following eclosion. In contrast, some genes decrease their expression during the first 10 days of life. The changes in gene expression seen over the first 10 days of the fly's adult life provides molecular evidence of the many maturational changes occurring during the early life of the adult fly.
Introduction
The process of development continues throughout the lifespan of each individual organism. For the fruitfly,
an extensive body of literature exists regarding embryonic and larval development (see Lawrence, 1992; Bate and Martinez Arias, 1993 for reviews) . Less information is available, however, concerning changes in the adult fly. With the exception of some gut cells and gonadal cells, virtually all of the cells in the adult fly are post mitotic (Bozuck, 1972; Ito and Hotta, 1992) . Since the fly can perform most functions necessary for adult existence within 72 h (Ashburner, 1989 ) the examination of regulation of gene expression in the adult fly has been an underrepresented area of investigation. The anatomical, physiological and behavioral changes most often associated with early adult life involve either alterations associated with flight muscle or developments required for the complicated courtship ritual. In many insects, including Drosophila, the muscles necessary for emergence from the pupal case (eclosion), degenerate, as do the nerves associated with these muscles (Schwartz, 1991) . In addition, there is evidence that particular flight muscle proteins, such as flightin and projectin (AymeSouthgate et al., 1991; Vigoreaux et al., 1991 Vigoreaux et al., , 1993 Yamakawa et al., 1991) , require phosphorylation to activate them for adult flight. Furthermore, the maintenance of proboscis muscles is important in early adult life (Kimura et al., 1986a (Kimura et al., ,b, 1987 Kimura and Truman, 19901 , and the ability to extend such muscles becomes optimal 2 days after eclosion (Fois et al., 1991; Ford et al., 1989) .
Concerning courtship behavior, studies by Tompkins and colleagues have shown that the readiness of adult flies to participate in courtship rituals is determined by both the ability to perform particular maneuvers and the capacity to respond to such behavior. Several systems are involved in these complicated behaviors, including not only motor activities, but also sensory abilities, including the visual, olfactory and auditory systems (Ford et al., 1989; Hall et al., 1980; Hirsch et al., 1990 Hirsch et al., , 1991 McRobert and Tompkins, 1988) .
At least part of the visual system continues to develop during the first week following eclosion. Leonard et al. (1992) have shown that rhabdomeres of wild type flies increase in volume over the first week of adult life, stabilizing thereafter.
This plasticity is further illustrated through studies with flies deprived of light early in adulthood; these light-deprived flies fail to perform appropriate courtship ritual behavior (Hirsch et al., 1990 (Hirsch et al., , 1991 indicating the importance of visual cues in the courtship routine. Prokop and Technau (1994) and Technau (1984) have reported alterations in the mushroom bodies of the brain, centers believed to be important for integration of visual and olfactory stimuli during post-eclosional development (Heisenberg, 1980) . The 15% increase in the number of mushroom body fibers observed within the first week of adult life could be associated with the maturation of courtship behavior, which also occurs during this first week. A further finding that environmental stimuli influence the numbers of mushroom body fibers emphasizes the importance of early modifications within sensory systems.
Taken together, the variety of changes which occur in the development of courtship behavior in early adult life indicate that a large degree of plasticity exists within the nervous system of the adult fly (Ford et al., 1989) . Fully mature adult males can even be induced to make femalespecific products, such as yolk protein (Hall et al., 1980) ; this finding further demonstrates the adaptability remaining in the adult animal (Belote and Baker, 1987) .
In a study involving a screen of enhancer trap lines designed to examine the development of the olfactory system, Riesgo-Escovar and colleagues made the interesting observation that one of their lines exhibited changes in expression of the marked gene during adult life (Riesgo-Escovar et al., 1992) . They suggested that such a change may reflect maturational changes involved in courtship behavior.
Subsequent work on 49 different enhancer trap lines revealed that, in the antenna, expression of many genes changes during adult life. It was found that each of the genes examined exhibits a characteristic pattern of expression over the entire life span of the adult fly. While some expression patterns are similar, each is unique with regard to spatial and temporal distribution (Helfand et al., 1995) . The following four categories of genes were identified: (1) genes which exhibit constitutive levels of expression throughout adult life; (2) genes that increase from a low initial level; (3) genes that do not become active until several days after eclosion, increasing thereafter and (4) genes that decrease their level of expression from an initially high level. Of the 49 genes thus far examined in detail, 80% show changes in expression during adulthood. Of this 80%, 70% of those genes changing expression during adulthood exhibit increased expression of the marked gene, while the other 30% show declines in gene expression.
Because this earlier study involved examination of gene expression throughout the entire life span, approximately 70 days at 25°C the time points examined were 5 days. In the present study, we performed a more detailed analysis of a subset of these 49 marked genes focusing on the first 10 days of adult life.
Results
The chief adult olfactory organ of D. melunogaster, the antenna, is composed of six segments ( Fig. 1 ) and is readily permeable to staining reagents. The validity of using enhancer traps or reporter constructs as gene exsegment 2 (pedicellus) segment 3 (funiculus) pression markers to study gene expression in the adult antennae depends on the degradation time of P-galactosidase and the uniformity of the cell population in question. We have found p-gal degradation to be sufficiently rapid (6-12 h) to eliminate the question of our misinterpreting B-gal remaining in cells which have ceased producing it for the time points used which are separated by 24 h (S.L.H. and Boris Naprta, unpublished observations). Furthermore, little change in cell number occurs within the antenna in the first 10 days. All antenna1 cells are thought to be postmitotic (Bozuck, 1972; Ito and Hotta, 1992) and less than 10% of adult antenna1 cells die during the entire life span (S.L.H. and Boris Naprta, unpublished observations).
Therefore, changes in staining are due to changes in gene expression rather than changes in the number of cells expressing the gene.
In this paper, we present the results of five lines representing genes from each of the classes showing changes in expression over the first 10 days of adult life. These three classes are (1) genes that increase from a low initial level, (2) genes that do not express until several days after eclosion and (3) genes that decrease their level of expression over the first 10 days.
These results are illustrated in Fig. 2A -E. While changes occurring in other segments have also been observed, the majority of our analysis has concentrated on the staining patterns observed in segment three. Observations of X-gal staining indicate that, in the adult antenna, three of these lines show an increase in expression of the marked gene, while two lines reveal a decline in gene expression. The temporal and spatial patterns observed are described below, beginning with those lines which demonstrate increases in gene expression:
LINE 2042: staining in the adult antenna is confined to the third antenna1 segment ( Fig. 2A) . Moderate staining is apparent immediately after eclosion, Day 0, first at a moderate level, then showing a gradual increase over the first 10 days. Staining appears to peak by Day 8.
LINE 2240: staining occurs in both the second and third antenna1 segments (Fig. 2B) . Staining is observable in the second segment by Day 0 and not until Day 1 in the third segment. Peak expression appears to occur at Day 9 (see Fig. 3 ).
LINE 1020: onset of staining in the antennae of this line does not occur until Day 6 (Fig. 2C) . While there is a gradual increase in staining intensity, the staining is never very strong in this line. The third segment exhibits a pattern of punctate staining, with approximately 50-100 cells staining.
The following lines decrease expression of the marked gene during the 10 days following eclosion:
LINE 2216: staining in the adult antenna is intense throughout the third segment from Day 0, decreasing significantly by the tenth day (Fig. 2D) .
wg: staining appears in both the second and third segments of the antenna and is extremely strong from Day 0 (Fig. 2E) . In the third segment, staining is most intense at a ventral crescent-shaped area; stain extends from a position about l/3 of the distance from the boundary between the second and third segments to the ventral tip along the edges. There appears to be a gradient of expression, from extremely strong stain at the ventral crescent region, to a less intense staining more dorsally. The ventral tip remains stained longer than the edges, where stain is reduced to a point about half way from the second/third segment border by Day 4 and to 2/3 of the distance from the ventral extremity to the border between the two segments by Day 7. Reduction in the ventral crescent region is not apparent until Day 8, after which it drops off fairly quickly. In the second segment, staining is strong by Day 0, diminishing gradually during the first 10 days. There is also staining in a portion of the fifth segment, or the base of the arista, which remains strong throughout the first 10 days of adult life.
Quantitation of changes in adult expression
The photographs shown in Fig. 2 reveal the spatial expression patterns of the individual lines examined. In addition, these pictures illustrate the qualitative magnitude of change, demonstrating a consistent pattern of steady increase or decrease in gene expression during the first 10 days of adult life, depending upon what line we observe. However, these photographs depict only selected images. Traditionally used quantitative methods, such as chromogenic assays including the use of chlorophenol red /?I-galactopyranoside (CPRG) (Simon and Lis, 1987) were not sensitive enough to detect P-gal levels present in the antennae of any of our lines. Therefore, we developed an optically based quantitative system for use with these specimens, as a means of confirming the observed trend toward increase or decrease in gene expression, as well as to determine the reproducibility in the intensity of each point. We used a video imaging system to capture images and analyze them quantitatively, obtaining average values for each time point examined. Due to the faint staining obtained with line 1020, antennae of this line were not able to be quantified using our imaging system. For three of the lines thus analyzed, only the third segment was quantitated; for the wg line, quantitation of staining in the fifth segment was included as well. The results of the quantitation of these four lines are depicted graphically in Fig. 3A -D and are summarized briefly below:
LINE 2042: this gene shows a low initial level of expression, increasing within the first lOdays of adult life. Examination of Fig. 3A reveals an initial twofold increase in expression from Day 1 to Day 3, followed by a further increase, so that by Day 8 expression is three times greater than that seen on Day 1. A slight decline is apparent from Day 8 to Day 10. LINE 2240: this gene rises from a very low level of expression just after eclosion to a much higher level during the first 10 days (Fig. 3B) . Expression rises over six fold by Day 5, reaching a maximum which is nine times after which it continues to decline steadily up to 10 days; higher than initial levels by Day 9 before dropping off at this point it decreases to one-third of the original level. again by Day 10.
A slight upswing follows this decline. LINE 2216: this gene shows the most dramatic decrease of those lines which show a reduction in expression during the first 10 days of adulthood (Fig. 3C) . From a very high expression level seen just after eclosion, there is a nearly fivefold drop by Day 4. Following a slight increase over the next 2 days, expression again is reduced, so that by Day 7 it is one-tenth of the initial level; a slight subsequent rise brings the level at 10 days to a point closer to one-sixth of the initial level.
These graphs reinforce the notion that the expression of the genes marked in these lines changes during the first 10 days of adult life. While only four specific lines are presented here, these lines are representative of the total of 49 genes we have been studying.
wg: the expression of the wg gene starts at a fairly high level, dropping somewhat steeply shortly after the onset of adulthood (Fig. 3D) . Expression remains at a fairly constant level until dropping rather sharply by 5 days, For most time points, the precision @EM/total value X 100) is ~10%. Small standard errors exist, particularly for time points where a trend is continuing; this uniformity confirms the qualitative observation that the majority of antennae taken from a particular time point exhibit a similar degree of staining and therefore a similar degree of gene expression. The time points with larger standard errors are time points where a change is occurring, either a decline or an increase, points at which one might expect that not all animals change at an identical time. The reproducibility of the changes in gene expression, as attested to by the small SEM, indicate that these changes are non-random and may reflect some underlying program of maturation.
Taken together, these qualitative and quantitative results demonstrate changes in gene expression in the antenna occurring within the first 10 days of adult life in the fly. For three of the lines examined, expression increases within the first 10 days following eclosion, in some cases from no expression at all immediately after eclosion, and in one case, not until several days after eclosion. In two lines there is a decrease in expression from an initial high level just after eclosion.
Discussion
Previous analysis of spatial and temporal expression of enhancer trap and reporter construct lines through adulthood involved 49 marked genes (Helfand et al., 1995) . As a result of these examinations, the following four categories of genes have been identified: (1) genes which exhibit constitutive levels of expression throughout adult life, (2) genes that increase from a low initial level, (3) genes that do not express until several days after eclosion, increasing thereafter and (4) genes that decrease their level of expression from an initially high level. The genes which are the focus of this paper represent examples of each of the three classes of genes which show changes in expression following the beginning of adult life.
In this study, a detailed observation of flies from five enhancer trap lines reveals that the level of expression for some genes changes dramatically over the first 10 days of adult life. Two lines (2216 and wg) show early reduction in gene expression; flies from these lines live the remaining 80-90% of their lifespan even after dramatic reduction in expression of the marked gene. This decline suggests that particular genes which may be required at the onset of adulthood are no longer necessary once certain processes are completed. Flies in three lines ( 2240, 2042 and 1020) show expression of the marked gene at low levels at early ages, increasing expression within the first 10 days of adult life. In one line (Line 1020), expression of the marked gene is delayed until several days posteclosion. This line, which we have termed a 'late-onset' line, is intriguing in that the marked genes may represent an adult function not activated at the very beginning of adult life.
The results presented here indicate that many maturational changes are occurring during the first week of adult life, as reflected in changing expression patterns for many different genes. These molecular biomarkers provide a rich opportunity, through the power of molecular biology and genetics, to examine the mechanisms underlying these changes and the functional consequences of these changes upon the development and maturation of the adult fly.
Experimental procedure

I. Enhancer trap lines
Enhancer trap lines 2240, 22 16, 1020 and 2042 were provided by Tim Tully (Cold Spring Harbor Laboratories). The construct inserted in these lines (Boynton and Tully, 1992; Dura et al., 1993) is as from Bier et al. (1989) and contains a P-1acZ fusion gene that encodes a nuclear targeted protein. P-Galactosidase staining of larvae and embryos shows that expression of these genes is not adult-specific.
Molecular cloning analysis indicates that these represent four different marked genes (B. Grimwade and S.L. Helfand, unpublished results). The wg (II en Cyo) line, which has the enhancer construct inserted into the wg gene at 28Al-3, was obtained from Judith Kassis (FDA, Bethesda, MD) . The construct in this line contains a non-nuclear targeted 1acZ sequence (Kassis, 1990 (Kassis, , 1991 (Kassis, , 1992 .
Culturing flies
Adult flies were collected without anesthesia within 2 h after eclosion from pupae and kept in a humidified incubator at 25°C. Flies were kept in plastic vials containing a standard corn-meal agar medium, with several grains of baker's yeast added to the top just prior to collection (Ashburner, 1989) . Each vial contained approximately 30 flies; flies were passed to fresh vials every 7 days.
Staining/mounting
For each line examined, at least 10 male and 10 female flies were dissected at each time point. Flies were anesthetized with ether; heads were removed, using watchmaker's forceps under a dissecting microscope, and placed into ice-cold 1 X phosphate buffered saline (PBS) (Ashburner, 1989) . The heads were fixed for 20 min in 1% glutaraldehyde in lx PBS, followed by two rinses with 1 X PBS. For most lines, staining was performed for 18 h at 37°C with a standard X-gal solution (Ashburner, 1989) . For line 2216, staining was limited to 2 h due to intensity of staining observed for this line. Heads were subsequently rinsed twice with 1 X PBS and stored in 70% glycerol in 1 x PBS. Antennae were removed from heads and mounted on microscope slides in 70% glycerol. Photographs were taken with a Leitz Orthoplan microscope at 160x.
Quantitation
Quantitative analyses were performed using a system consisting of a Leitz Orthoplan II microscope, a color Optronix video camera and a Macintosh Quadra 800 computer with a RasterOps video board. The light source and acquisition camera were calibrated at the beginning and end of each session using a standard Leica blue filter (BG 23). Testing of the video camera showed it to be linear in the range of blue color found in our specimens. The depth of field of the 16x Leitz objective used enables the full thickness of the antenna to be encompassed. Images of at least 10 antennae from a particular time point were captured using IPLab Spectrum software (Signal Analytics, Inc.). The reliability of the system is such that capture of the same image at different times shows <2% difference in quantitative values obtained through subsequent steps.
The images thus captured were analyzed with this IPLab Spectrum software, used first as a spectrophotometer to define a range of blue to be examined, and then as a densitometer, measuring the relative intensity contributed by that color. Intensity values thus obtained were subsequently analyzed with Microsoft Excel to provide average values at each time point and these values were graphed with Kaleidograph.
Values are expressed as average + standard error of the mean (SEM).
